The exact knowledge of hydrogen atomic positions of O-H···O hydrogen bonds in solution and in the solid state has been a major challenge in structural and physical organic chemistry. The objective of this review article is to summarize recent developments in the refinement of labile hydrogen positions with the use of: (i) density functional theory (DFT) calculations after a structure has been determined by X-ray from single crystals or from powders; (ii) 1 H-NMR chemical shifts as constraints in DFT calculations, and (iii) use of root-mean-square deviation between experimentally determined and DFT calculated 1 H-NMR chemical shifts considering the great sensitivity of 1 H-NMR shielding to hydrogen bonding properties.
Introduction
Hydrogen bonding is a fundamental aspect in the determination of three-dimensional structures, reactivity, and functions of biological macromolecules, for encoding genetic information, in crystal engineering and in material sciences [1] [2] [3] [4] [5] [6] [7] [8] . Although detection of hydrogen bonds remains an area of active research and the characterization of hydrogen bond interactions has been the subject of numerous experimental and theoretical studies, the detailed understanding of the nature of hydrogen bonding and its structural, energetic, and dynamic properties are still limited. This is due to the fact that the strength of the hydrogen bond depends on several factors, such as the X-H and H···Y lengths, the X-H···Y-Z dihedral angle, the nature of the microenvironment [8, 9] , the pK a /pK b values of the participating components [10] [11] [12] , and molecular electrostatic potential surfaces [13, 14] .
X-ray and neutron diffraction of single crystals and, in some cases, of powder samples are the most widespread and popular methods for investigating hydrogen bonding interactions in the solid state, often in conjunction with structural indicators such as bond lengths and bond angles [15, 16] . However, the unequivocal determination of hydrogen atomic positions is not straightforward particularly with systems exhibiting proton disorder [1, 7, 17] . Furthermore, since the X-ray diffraction experiments determine electron density distributions, in a covalent X-H bond with an electronegative atom X, the average position of the electron charge density of the hydrogen atom is displaced towards the X atom. As a result, numerous X-ray structures yielded unrealistic OH bond lengths (~0.8-0.9 Å, compared to a typical value of 1.0 Å), ambiguous conclusions with respect to the molecular ionization states (resulted from proton transfer processes), and the hydrogen bonding network in the crystal lattice. Neutron diffraction, on the other hand, locates the nuclei because neutrons are scattered by nuclei [7] . The results of the two techniques for hydrogen atoms often differ by more than 0.1 Å [18] . It has become a practice in the analysis of X-ray diffraction results to normalize the X-H bonds [19] by increasing the position of hydrogen atoms by a relaxed amount [20] or restraint to a common value from highly accurate neutron diffraction experiments [21] . In addition, significant efforts have been made in assigning the positions of hydrogen atoms from X-ray diffraction experiments with the use of quantum chemical methods [22] [23] [24] .
NMR spectroscopy is among the primary methods for investigating hydrogen bonding interactions both in solution and in the solid states [25] . The existence of hydrogen bond is inferred from several NMR methods, such as chemical shifts [26] [27] [28] [29] [30] [31] [32] [33] , temperature dependence of chemical shifts [32, 33] , solvent accessibility [34] , the NOE phenomenon [35, 36] , direct spin-spin scalar coupling between nuclei on both sides of the hydrogen bonds [37, 38] , isotope effects [4, 9, 39] , REDOR experiments [40] , and NMR dipolar coupling in the solid states [41, 42] . Developments in quantum chemical methods for calculating NMR chemical shifts [43] [44] [45] have led to an increasing number of studies which focus on the assignment or reassignment of individual protons and carbons [40] , including hydrogen bonding effects [46] [47] [48] , in the elucidation of chemical structures [45] and in the refinement of labile hydrogen positions [49, 50] . Such calculations have also played an important role in the new field of NMR crystallography where NMR spectroscopy is combined with X-ray diffraction to aid structural information [51] [52] [53] .
In the present review, we will summarize recent developments in the determination of labile hydrogen atomic positions in O-H···O hydrogen bonds with the combined use of DFT calculations after a structure has been determined by X-ray from single crystals or from powders, and the use of root-mean-square deviation of experimental 1 H-NMR chemical shifts with DFT calculated chemical shifts. Finally, we will comment on the future development of this field.
Accurate Hydrogen Atom Positions with the Combined Use of X-ray and Quantum Chemical Methods
The aim of this integrated methodology is the production of a structural model with DFT optimization of the crystalographically determined structure. Allan and Clark [22] determined the high pressure crystal structures of ethanol and acetic acid including the positions of the hydrogen atoms using a combination of single crystal X-ray diffraction techniques and DFT calculations within the generalized gradient approximation for the exchange and correlation potential [54] . The experimentally determined unit-cell parameters and the heavy atom positions were used as an input geometry, and approximate positions for the hydrogen atoms were used. The valence electron wave functions were expanded in a plane-wave basis to an energy cutoff of 700 eV. The fully relaxed structural parameters including unit-cell parameters and the position of the hydrogen atoms were determined. Additional DFT calculations were also performed without constraining the structures to any space group which demonstrated that the symmetry of the structure was preserved.
Florence et al. [55] utilized geometry optimization using DFT in CASTEP code [56] . It is an effective method to locate hydrogen atom positions which provides a more accurate description of molecular conformation and intermolecular interactions from powder diffraction data than global optimization and retrieved refinement.
Deringer et al. [24] presented a comprehensive investigation of a large number of structures from the Cambridge Structural Database and compared computationally optimized X-Y bond lengths with neutron diffraction data, whenever available. DFT optimizations were performed using the generalized gradient approximation as parameterized by Perdew, Burke and Ernzerhof [57] . This is a method of choice in many investigations of this type. Since in the X-ray structures the hydrogen atomic positions are not optimum, three protocols for geometry optimization can be performed: (i) optimization of the hydrogen positions within a unit cell; (ii) optimization of all atomic positions within a unit cell and (iii) optimization of all atomic positions and unit cell vectors. The selective relaxation of only the hydrogen atoms was taken into account since it was demonstrated that both full relaxation of all the atomic positions and the selective relaxation of the hydrogen atoms resulted in, practically, the same values. Furthermore, the computation time for selective relaxation was substantially reduced (~300%) with respect to the time required for full relaxation of all the atomic positions. Figure 1a illustrates a plot of the X-ray structural data (vertical axis) vs. the quantum chemically optimized values (horizontal axis) for C-H, N-H, O-H, B-H, and S-H bonds [19] . In all cases a wide range of values was observed in the X-ray structures. On the contrary, after quantum chemical optimization of the X-ray structures, a very good agreement with the neutron diffraction data was observed (Figure 1b) . The S-H data were omitted from the correlation due to ambiguities in the S-H bond lengths of the neutron diffraction experiments. Figure 2 illustrates the neutron diffraction data of all the X-H bond lengths vs. the X-ray structural data (light gray circles) and those obtained after quantum chemical optimization (purple circles). Again the quantum chemically optimized structures were in very good agreement with those obtained from neutron diffraction experiments [24] . It should be emphasized, however, that DFT calculations typically do not include temperature effects, therefore, they represent the molecular system at absolute zero. Since X-ray diffraction experiments are usually performed between room temperature and cryogenic temperatures, the experimental unit cell volumes and atomic positions may differ from those resulting from DFT calculations.
The case of dibenzoylmethane is of particular interest due to keto-enol tautomeric equilibrium which is characterized with a strong intramolecular hydrogen bond interaction. The shape of the low barrier O-H···O potential function either a double minimum potential corresponding to two tautomeric forms (a) and (b), or a single minimum symmetrical one in a strongly delocalized system (c) (Scheme 1), has been the subject of extensive studies [58] [59] [60] . The O-H and O···H distances, measured by neutron diffraction [61] , were found to be unchanged over the temperature range of 100 to 280 K ( Figure 3 ). The X-ray diffraction demonstrates that the O-H and O···H distances become indistinguishable at 200 K corresponding to the delocalized system (c) [61] . DFT calculations by Deringer et al. [24] demonstrated an agreement with the neutron diffraction data, however, detailed structural data were not provided. atomic positions and the selective relaxation of the hydrogen atoms resulted in, practically, the same values. Furthermore, the computation time for selective relaxation was substantially reduced (~300%) with respect to the time required for full relaxation of all the atomic positions. Figure 1a illustrates a plot of the X-ray structural data (vertical axis) vs. the quantum chemically optimized values (horizontal axis) for C-H, N-H, O-H, B-H, and S-H bonds [19] . In all cases a wide range of values was observed in the X-ray structures. On the contrary, after quantum chemical optimization of the X-ray structures, a very good agreement with the neutron diffraction data was observed (Figure 1b) . The S-H data were omitted from the correlation due to ambiguities in the S-H bond lengths of the neutron diffraction experiments. Figure 2 illustrates the neutron diffraction data of all the X-H bond lengths vs. the X-ray structural data (light gray circles) and those obtained after quantum chemical optimization (purple circles). Again the quantum chemically optimized structures were in very good agreement with those obtained from neutron diffraction experiments [24] . It should be emphasized, however, that DFT calculations typically do not include temperature effects, therefore, they represent the molecular system at absolute zero. Since X-ray diffraction experiments are usually performed between room temperature and cryogenic temperatures, the experimental unit cell volumes and atomic positions may differ from those resulting from DFT calculations.
The case of dibenzoylmethane is of particular interest due to keto-enol tautomeric equilibrium which is characterized with a strong intramolecular hydrogen bond interaction. The shape of the low barrier O-H···O potential function either a double minimum potential corresponding to two tautomeric forms (a) and (b), or a single minimum symmetrical one in a strongly delocalized system (c) (Scheme 1), has been the subject of extensive studies [58] [59] [60] . The O-H and O···H distances, measured by neutron diffraction [61] , were found to be unchanged over the temperature range of 100 to 280 K (Figure 3 ). The X-ray diffraction demonstrates that the O-H and O···H distances become indistinguishable at 200 K corresponding to the delocalized system (c) [61] . DFT calculations by Deringer et al. [24] demonstrated an agreement with the neutron diffraction data, however, detailed structural data were not provided. [61] are plotted along with DFT optimized O-H and O···H bond lengths (filled triangles) [24] . Error bars are plotted for the neutron-derived data, while those for X-ray data have been left out for clarity, and dotted lines serve only as guides to the eye [56] . Reprinted, with permission, from [24] . Copyright 2012, by The American Chemical Society.
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Factors Influencing OH 1 H-NMR Chemical Shifts
O-H···O inter-and intramolecular hydrogen bonds have been extensively investigated in the structural analysis of carbohydrates [62, 63] , natural products [64] [65] [66] [67] (Figure 4) , proteins [30, 31, 68, 69] and various hydrogen bonded anions A···H··· − X of phenols and carboxylic/inorganic acids, (HX) [70] [71] [72] . Therefore, a large set of experimental data can be used to evaluate the quality of DFT prediction of [61] are plotted along with DFT optimized O-H and O···H bond lengths (filled triangles) [24] . Error bars are plotted for the neutron-derived data, while those for X-ray data have been left out for clarity, and dotted lines serve only as guides to the eye [56] . Reprinted, with permission, from [24] . Copyright 2012, by The American Chemical Society.
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O-H···O inter-and intramolecular hydrogen bonds have been extensively investigated in the structural analysis of carbohydrates [62, 63] , natural products [64] [65] [66] [67] (Figure 4) , proteins [30, 31, 68, 69] Siskos et al. [46] reported that accurate solvent dependent 1 H-NMR chemical shifts of the -OH groups of phenol (1), 4-methylcatechol (2) and genkwanin (3) ( Figure 5 ) can be obtained, compared to the experimental values, using a combination of DFT, conductor-like polarizable continuum model (CPCM) and discrete solute-solvent hydrogen bond interactions involving a single solvent molecule. In contrast, the calculated 1 H chemical shifts of phenolic OH groups with the CPCM model, without incorporation of a single solvent molecule, were found to deviate significantly from the experimental value especially in the case of hydrogen bonding solvents. Thus, in DMSO-d6 the experimental value of the OH group of phenol (1) was found to be 9.36 ppm, while the computed value at 4.27 ppm [46] . Siskos et al. [46] reported that accurate solvent dependent 1 H-NMR chemical shifts of the -OH groups of phenol (1), 4-methylcatechol (2) and genkwanin (3) ( Figure 5 ) can be obtained, compared to the experimental values, using a combination of DFT, conductor-like polarizable continuum model (CPCM) and discrete solute-solvent hydrogen bond interactions involving a single solvent molecule. In contrast, the calculated 1 H chemical shifts of phenolic OH groups with the CPCM model, without incorporation of a single solvent molecule, were found to deviate significantly from the experimental value especially in the case of hydrogen bonding solvents. Thus, in DMSO-d 6 the experimental value of the OH group of phenol (1) was found to be 9.36 ppm, while the computed value at 4.27 ppm [46] . Figure 6 illustrates excellent correlation between experimental and calculated (with the GIAO method at the B3LYP/6-311++G(2d,p) level of theory) 1 H-NMR chemical shifts of the compounds of Figure 5 with minimization of the complexes, with a single solvent molecule, at the B3LYP/6-31+G(d) and Figure 7 shows that the calculated 1 H chemical shifts in acetone had the larger error (≥0.3 ppm) with the exception of the C-5 OH of genkwanin. This was attributed to the fact that the plane of the acetone molecule, contrary to the case of DMSO and acetonitrile, deviates from the aromatic plane. The dihedral angle between the planes of the two molecules was found to be strongly dependent on the basis set used [46] . This was attributed to the fact that the plane of the acetone molecule, contrary to the case of DMSO and acetonitrile, deviates from the aromatic plane. The dihedral angle between the planes of the two molecules was found to be strongly dependent on the basis set used [46] . This was attributed to the fact that the plane of the acetone molecule, contrary to the case of DMSO and acetonitrile, deviates from the aromatic plane. The dihedral angle between the planes of the two molecules was found to be strongly dependent on the basis set used [46] . [66] . Figure 8 illustrates the significant effect of conformation of the C-7 OCH3 group on the C-5 OH chemical shift of genkwanin. Several conclusions can be drawn from this work [46] : (i) excellent linear correlation between experimental and computed 1 H-NMR chemical shifts can be obtained without using very large basis sets; (ii) accurate structural and electronic description of solute-solvent interactions can be obtained at a molecular level; (iii) the C-5OH···OC-4 intramolecular hydrogen bond can provide an internal sensor of the conformation of the substituents in ring A of flavonoids ( Figure 5 ). [66] . Figure 8 illustrates the significant effect of conformation of the C-7 OCH 3 group on the C-5 OH chemical shift of genkwanin. Several conclusions can be drawn from this work [46] : (i) excellent linear correlation between experimental and computed 1 H-NMR chemical shifts can be obtained without using very large basis sets; (ii) accurate structural and electronic description of solute-solvent interactions can be obtained at a molecular level; (iii) the C-5OH···OC-4 intramolecular hydrogen bond can provide an internal sensor of the conformation of the substituents in ring A of flavonoids ( Figure 5 ).
Siskos et al. [47] reported an approach for predicting hydrogen bond distances beyond the limits of X-ray diffraction methods, based on quantum chemical calculations of O-H···O 1 H chemical shifts using a combination of DFT and conductor-like polarizable continuum model (CPCM) in CHCl 3 without incorporating discrete solvent molecules. Figure 10 ). Further geometry optimizations were performed for selected molecules of Figure 9 with the computationally more demanding MP2/6-31+G(d) level of theory which includes electron correlation effects. The structural characteristics and computed 1 H chemical shifts were in close agreement with those obtained at the Table 1 ). Reprinted, with permission, from [47] . Copyright 2015, The Royal Society of Chemistry.
The calculated 1 H chemical shifts of Table 1 were not corrected for quantum zero-point vibrational effects (QZPVE) since detailed GIAO DFT calculations of water clusters (H2O)n, n = 2 to 16, with minimization of the structures at the MP2/6-311++G** level of theory, demonstrated that QZPVE effects do not influence 1 H chemical shifts significantly and, thus, can be neglected [73] . Furthermore, the temperature dependence of 1 H chemical shifts of phenol OH groups which participate in intramolecular O-H···O hydrogen bonds, exhibit very small Δδ/ΔΤ < 3 ppb in a variety of organic solvents [66] and thus, can be neglected.
Of particular interest are the ionic inter-and intramolecular hydrogen bonded structures 36-43 (Table 1 ). Table 1 ). Reprinted, with permission, from [47] . Copyright 2015, The Royal Society of Chemistry.
The calculated 1 H chemical shifts of Table 1 were not corrected for quantum zero-point vibrational effects (QZPVE) since detailed GIAO DFT calculations of water clusters (H 2 O) n , n = 2 to 16, with minimization of the structures at the MP2/6-311++G** level of theory, demonstrated that QZPVE effects do not influence 1 H chemical shifts significantly and, thus, can be neglected [73] . Furthermore, the temperature dependence of 1 H chemical shifts of phenol OH groups which participate in intramolecular O-H···O hydrogen bonds, exhibit very small ∆δ/∆T < 3 ppb in a variety of organic solvents [66] and thus, can be neglected. Table 1 . Calculated (δ,ppm) GIAO/DFT/B3LYP/6-311+G(2d,p) (geometry optimization at the B3LYP/6-31+G(d), in black, and M06-2X/6-31+G(d), in blue, level of theory) and experimental (δ exp , ppm) 1 H chemical shifts, (O)H···O and O-H bond distances, natural bond order (NBO) charges of the O-H···O atoms, and NBO charge differences of the two oxygens of the hydrogen bond (∆Q × 10 3 ) of the compounds of Figure 9 . Reprinted, with permission, from [47] . Compounds 39, 41, 42, and 43, which exhibit ionic intramolecular hydrogen bonds, adopt a unique low energy conformation. The dimeric complex 36 adopts two low energy conformations: a linear one and a bent structure which is more stable by ~1.43 and 2.73 Kcal.mol −1 with the B3LYP/6-31+G(d) and M06-2X/6-31+G(d) basis set, respectively. Similarly, the dimeric complex 38 adopts two low energy conformations with the bent one to be more stable [47] . The dimeric complex 40 adopts a unique linear conformation since the bent structure is of high energy due to repulsive interaction between the -CF3 and -COO − groups. The relative stabilities of the linear and bent structures of the dimeric complex 37 (with a t-Bu substitution) were found to be strongly dependent on the basis set used. Inclusion in the analysis of the ionic inter-and intramolecular hydrogen bonded structures 36 to 43, results also in very good linear correlation between experimental and computed 1 H chemical shifts with R 2 of 0.966 and 0.960 with optimization of the structures at the M06-2X/6-31+G(d) and B3LYP/6-31+G(d) level of theory, respectively (Table 1, Figure 11 ). Of particular interest are the ionic inter-and intramolecular hydrogen bonded structures 36-43 (Table 1) . Compounds 39, 41, 42 and 43, which exhibit ionic intramolecular hydrogen bonds, adopt a unique low energy conformation. The dimeric complex 36 adopts two low energy conformations: a linear one and a bent structure which is more stable by~1.43 and 2.73 Kcal·mol −1 with the B3LYP/6-31+G(d) and M06-2X/6-31+G(d) basis set, respectively. Similarly, the dimeric complex 38 adopts two low energy conformations with the bent one to be more stable [47] . The dimeric complex 40 adopts a unique linear conformation since the bent structure is of high energy due to repulsive interaction between the -CF 3 and -COO − groups. The relative stabilities of the linear and bent structures of the dimeric complex 37 (with a t-Bu substitution) were found to be strongly dependent on the basis set used. Inclusion in the analysis of the ionic inter-and intramolecular hydrogen bonded structures 36 to 43, results also in very good linear correlation between experimental and computed 1 H chemical shifts with R 2 of 0.966 and 0.960 with optimization of the structures at the M06-2X/6-31+G(d) and B3LYP/6-31+G(d) level of theory, respectively (Table 1, Figure 11 ). [75] , for 70 random snapshots extracted from the trajectory. A wide range of computational 1 H chemical shifts were obtained (ca. 14-23 ppm) which reflects an ensemble of structures interconverting in solution. The average value of 18.3 ppm, however, was found to be in reasonable agreement with the experimental value of 17.5 ppm [74] .
Correlations between isotropic chemical shifts and O(H)···O and O···O distances (in parenthesis is the atom which is not taken into consideration in hydrogen bond distances) in O-H···O hydrogen bonds have been established for a variety of organic and inorganic solids [26, 28, 29, 73, [76] [77] [78] . These correlations may be used to obtain the positions of hydrogen atoms in unknown hydrogen bond molecular structures. However, as pointed out by Harris et al. [49] such procedures require prior knowledge of the structures of a series of related compounds. Furthermore, the considerable scatter [75] , for 70 random snapshots extracted from the trajectory. A wide range of computational 1 H chemical shifts were obtained (ca. 14-23 ppm) which reflects an ensemble of structures interconverting in solution. The average value of 18.3 ppm, however, was found to be in reasonable agreement with the experimental value of 17.5 ppm [74] .
Correlations between isotropic chemical shifts and O(H)···O and O···O distances (in parenthesis is the atom which is not taken into consideration in hydrogen bond distances) in O-H···O hydrogen bonds have been established for a variety of organic and inorganic solids [26, 28, 29, 73, [76] [77] [78] . These correlations may be used to obtain the positions of hydrogen atoms in unknown hydrogen bond molecular structures. However, as pointed out by Harris et al. [49] such procedures require prior knowledge of the structures of a series of related compounds. Furthermore, the considerable scatter in several of the plots results in substantial errors in the positions of the hydrogen atoms. Significantly more accurate results can be obtained with the use of quantum chemical calculations of 1 H-NMR chemical shifts. Figure 12 illustrates a poor correlation between the computed OH 1 H chemical shift as a function of the computed O···O distances, presumably due to the fact that the oxygen atoms can be thrust together due to steric constraints and, thus, may not be sufficient indicators of hydrogen bond strength [79] . In contrast, a very good linear correlation has been obtained between computed δ(OH) vs. computed ( (1) and (2) Figure 12 illustrates a poor correlation between the computed OH 1 H chemical shift as a function of the computed O···O distances, presumably due to the fact that the oxygen atoms can be thrust together due to steric constraints and, thus, may not be sufficient indicators of hydrogen bond strength [79] . (1) and (2) Table 1 ). Reprinted, with permission, from [47] . Copyright 2015, The Royal Society of Chemistry. Table 1 ). Reprinted, with permission, from [47] . Copyright 2015, The Royal Society of Chemistry. [81, 82] . Table 1 [81, 82] . Table 1 Table 1 ). Adopted, with permission, from [47] . Copyright 2015, The Royal Society of Chemistry.
Mori and Masuda [83] investigated the effect of solvent on proton location and dynamic behavior in dibenzoylmethane (Scheme 1) with the use of molecular dynamics simulations and NMR experiments. The potential energy surface of dibenzoylmethane is considered to be a double minimum due to tautomeric equilibrium of the two forms (a) and (b) (Scheme 1) with a low barrier, based on the experimental large positive H/D isotope effect [84] . DFT calculations of the enol form in vacuum indicated that the barrier height for the intramolecular proton transfer is 5.4 KJ·mol −1 and very similar to the zero-point energy of the vibrational ground state of 5.1 KJ·mol −1 , resulting in broad distribution of the proton density along the hydrogen bond. Specific interactions with protic solvents or strong hydrogen bond accepting solvents affect the geometry and dynamic behavior of the intramolecular hydrogen bond of dibenzoylmethane. The averaged hydrogen bond geometries sampled by the path integral MD simulations were found to be in much better agreement with the experimental results than those obtained by the classical MD simulations [83] .
There are numerous experimental and theoretical studies on the importance of covalency in hydrogen bonding phenomena [85] [86] [87] . If the O-H bond participates in a hydrogen bond interaction, then, the O-H bond elongates and consequently the bond number value decreases. This loss is compensated by the H···O interaction due to sharing of the lone pair of electrons of the accepting oxygen atom. A fractional part of the electron pair is expressed by the bond order. Hence, short O···O contacts within the O-H···O systems, result in longer O-H bonds. There are numerous neutron diffraction results on O-H···O systems and several studies concerning the relationships between the above geometrical parameters [88] .
The hydrogen bond formation in O-H···O systems may be considered as a combination of two electronic processes. A charge transfer from the oxygen lone pair to the σ*(O-H) antibonding orbital and an increase in s-character of the oxygen hybrid orbital. The first process leads to the elongation of the O-H bond and shortening of the O-H···O hydrogen bond, while the increase in s-character results in the reverse effect. Figure 15 shows a very good correlation (R 2 = 0.946) between the calculated 1 H chemical shifts and the second-order stabilization energies, Table 1 ). Adopted, with permission, from [47] . Copyright 2015, The Royal Society of Chemistry.
The hydrogen bond formation in O-H···O systems may be considered as a combination of two electronic processes. A charge transfer from the oxygen lone pair to the σ*(O-H) antibonding orbital and an increase in s-character of the oxygen hybrid orbital. The first process leads to the elongation of the O-H bond and shortening of the O-H···O hydrogen bond, while the increase in s-character results in the reverse effect. Figure 15 shows a very good correlation (R 2 = 0.946) between the calculated 1 H chemical shifts and the second-order stabilization energies, E [89] . This linear correlation between Wiberg bond order and δ( 1 H) may resolve the ambiguity that a deshielded bridging proton signal is a necessary but not sufficient demonstration of a hydrogen bond [90] . As pointed out by Scheiner [90, 91] , deshielding effects can be observed in cases of the proximity of an electron cloud of a second molecule even if no hydrogen bond is present. [89] . This linear correlation between Wiberg bond order and δ( 1 H) may resolve the ambiguity that a deshielded bridging proton signal is a necessary but not sufficient demonstration of a hydrogen bond [90] . As pointed out by Scheiner [90, 91] , deshielding effects can be observed in cases of the proximity of an electron cloud of a second molecule even if no hydrogen bond is present. [89] . This linear correlation between Wiberg bond order and δ( 1 H) may resolve the ambiguity that a deshielded bridging proton signal is a necessary but not sufficient demonstration of a hydrogen bond [90] . As pointed out by Scheiner [90, 91] , deshielding effects can be observed in cases of the proximity of an electron cloud of a second molecule even if no hydrogen bond is present. 
Resolving Conflicting Literature OH Resonance Assignments
Computational modeling of 1 H and 13 C chemical shifts has been widely used to assist in the assignment or reassignment of experimental spectra and in the elucidation of chemical structures [45] . Chemical shifts of hydroxyl groups, however, have rarely been investigated at the quantum chemical level. This may be attributed to the fact that -OH groups displayed broad signals and variable chemical shifts at room temperature due to intermolecular exchange of the -OH protons with protons of the protic solvents or with protons of the residual H 2 O in aprotic solvents. However, optimization of experimental conditions, such as pH, temperature and NMR solvent may result in obtaining extremely sharp peaks (∆ν 1/2 ≤ 2 Hz) which can lead to unequivocal assignment of the OH signals [64] [65] [66] [67] [92] [93] [94] .
Hypericin (phenanthro [1, 10, 9, 8 ,o,p,q,r,a]perylane-7,14 dione]), Figure 17 , is one of the principal active phytochemicals of Hypericium (Saint John's wort) [95, 96] . It is very acidic with pK a = 1.7-2.0 due to the hydroxyl group on C-4(C-3) [97, 98] . 1 H-NMR and 2D NOESY spectroscopy in DMSO-d 6 and acetone-d 6 indicated that hypericin exists in both solvents in the neutral form (Figure 17(1) ) and the bay O-H 3,4 protons appear at~8.1-8.3 ppm [99] . Dax et al. [100] suggested that hypericin in DMSO-d 6 exists in the ionic form on the basis of a strong deshielded resonance at δ = 17.3-17.5 ppm. Skalkos et al. [101] with the use of variable temperature 1 H-NMR concluded that hypericin in acetone-d 6 exists in the neutral form and the bay O-H 3,4 protons appear as a broad composite signal at~11.6-11.8 ppm (T = 215 K, Figure 18C ). Siskos et al. [50] performed detailed DFT calculations of 1 H-NMR chemical shifts of hypericin (1) and its ionic form (1a) using various basis sets. Table S1 illustrates calculated 1 H-NMR chemical shifts of various hypericin + solvent (1:1 and 1:2) complexes with the GIAO/B3LYP/6-311+G(2d,p)-CPCM [102] method. The internuclear distance between the bay C-3 OH hydrogen and the oxygen of the acetone or DMSO solvation molecule was found to be strongly dependent on the basis set used and whether the gas phase or the CPCM model was used. Thus, the respective internuclear distance with the oxygen atom of the single DMSO solvation molecule reduces from 1.625 Å to 1.494 Å at the B3LYP/6-31+G(d) (gas phase) and TPSSh/TZVP (IEF-PCM) level of theory, respectively. This pronounced shortening in hydrogen bond distance, was attributed to the very strong cooperative effect of the intramolecular hydrogen bond of the two bay OH groups which also shows a significant variation as a function of the basis set used (1.630 Å and 1.549 Å for minimization of the structures at the B3LYP/6-31+G(d) (gas phase) and TPSSh/TZVP (IEF-PCM) level of theory, respectively. Figure 19 illustrates plots between experimental and calculated 1 H chemical shifts of hypericin using the experimental value of δ = 11.75 ppm in acetone-d 6 of the O-H 3,4 bay protons suggested by Skalkos et al. [101] . Excellent linear correlations were obtained with R 2 0.985-0.997. The use of δ = 8.2 ppm for the O-H 3,4 protons suggested by Smirnov et al. [99] results in a reduction in the correlation coefficient (R 2 ≈ 0.852-0.923) which clearly demonstrates an erroneous assignment (Table S2) .
Molecules
Computational modeling of 1 H and 13 C chemical shifts has been widely used to assist in the assignment or reassignment of experimental spectra and in the elucidation of chemical structures [45] . Chemical shifts of hydroxyl groups, however, have rarely been investigated at the quantum chemical level. This may be attributed to the fact that -OH groups displayed broad signals and variable chemical shifts at room temperature due to intermolecular exchange of the -OH protons with protons of the protic solvents or with protons of the residual H2O in aprotic solvents. However, optimization of experimental conditions, such as pH, temperature and NMR solvent may result in obtaining extremely sharp peaks (Δν1/2 ≤ 2 Hz) which can lead to unequivocal assignment of the OH signals [64] [65] [66] [67] [92] [93] [94] .
Hypericin (phenanthro [1, 10, 9, 8 ,o,p,q,r,a]perylane-7,14 dione]), Figure 17 , is one of the principal active phytochemicals of Hypericium (Saint John's wort) [95, 96] . It is very acidic with pKa = 1.7-2.0 due to the hydroxyl group on C-4(C-3) [97, 98] . 1 H-NMR and 2D NOESY spectroscopy in DMSO-d6 and acetone-d6 indicated that hypericin exists in both solvents in the neutral form (Figure 17(1) ) and the bay O-H 3,4 protons appear at ~8.1-8.3 ppm [99] . Dax et al. [100] suggested that hypericin in DMSO-d6 exists in the ionic form on the basis of a strong deshielded resonance at δ = 17.3-17.5 ppm. Skalkos et al. [101] with the use of variable temperature 1 H-NMR concluded that hypericin in acetone-d6 exists in the neutral form and the bay O-H 3,4 protons appear as a broad composite signal at ~11.6-11.8 ppm (T = 215 K, Figure 18C ). Siskos et al. [50] performed detailed DFT calculations of 1 H-NMR chemical shifts of hypericin (1) and its ionic form (1a) using various basis sets. Table S1 illustrates calculated 1 H-NMR chemical shifts of various hypericin + solvent (1:1 and 1:2) complexes with the GIAO/B3LYP/6-311+G(2d,p)-CPCM [102] method. The internuclear distance between the bay C-3 OH hydrogen and the oxygen of the acetone or DMSO solvation molecule was found to be strongly dependent on the basis set used and whether the gas phase or the CPCM model was used. Thus, the respective internuclear distance with the oxygen atom of the single DMSO solvation molecule reduces from 1.625 Å to 1.494 Å at the B3LYP/6-31+G(d) (gas phase) and TPSSh/TZVP (IEF-PCM) level of theory, respectively. This pronounced shortening in hydrogen bond distance, was attributed to the very strong cooperative effect of the intramolecular hydrogen bond of the two bay OH groups which also shows a significant variation as a function of the basis set used (1.630 Å and 1.549 Å for minimization of the structures at the B3LYP/6-31+G(d) (gas phase) and TPSSh/TZVP (IEF-PCM) level of theory, respectively. Figure 19 illustrates plots between experimental and calculated 1 H chemical shifts of hypericin using the experimental value of δ = 11.75 ppm in acetone-d6 of the O-H 3,4 bay protons suggested by Skalkos et al. [101] . Excellent linear correlations were obtained with R 2 ~0.985-0.997. The use of δ = 8.2 ppm for the O-H 3,4 protons suggested by Smirnov et al. [99] results in a reduction in the correlation coefficient (R 2 ≈ 0.852-0.923) which clearly demonstrates an erroneous assignment (Table S2) . (1) (1a) Figure 17 . Solvent dependent equilibrium of the 7,14-dioxo tautomer of hypericin HyH, Q 7,14 (1) , and its anionic form Hy − (1a). However, in cases of hydrogen bonding interactions the strong deshielding may result in well resolved resonances which can be assigned unambiguously. Harris et al. [49] reported that the chemical shift of the proton in an NH···O=C hydrogen bond is primary dependent on the distance between the proton and the donor and showed that a combined experimental high speed MAS 1 H-NMR and DFT calculations of 1 H chemical shifts can be used to refine the hydrogen position of X-ray structures. It was suggested that the method provides better results than either X-ray diffraction or NMR dipolar couplings [41, 42] .
The application of quantum chemical methods or solid materials was greatly improved with the development of the gauge including projector augmented wave (GIPAW) approach, which enabled the calculation of magnetic shielding of an inherently periodic solid using a plane wave basis set [103, 104] . Thus, accurate calculations of all atoms within a small volume unit can be extended in a repeating three-dimensional structure with a significant saving in computer time. Yates et al. [105] reported calculations of 1 H, 13 C and 19 F shielding parameters of flurbiprofen, a non-steroidal anti-inflammatory drug, under periodic boundary conditions in the crystalline lattice using DFT with the GIPAW method. The compound contains hydrogen bonds between the carboxylic functions of two adjacent molecules in the crystal (Figure 20) . The O-H bond length of the hydrogen optimized structure is shorter by 0.263 Å than the reported X-ray structure [106] (Table 2 ) and in agreement with neutron diffraction data of similar compounds [2] . Calculations of the 1 H shielding within the periodic boundary condition results in chemical shifts of 17.8 and 15.9 ppm for the fully optimized and hydrogen optimized structures, respectively. These values should be compared with the experimental value of~14 ppm (Figure 21 ). When the X-ray structure was used to simulate the 1 H solid state NMR spectrum of flurbiprofen the OH chemical shift was calculated to be~22.3 ppm, which is significantly different from the experimental value. The authors concluded that 1 H chemical shifts are extremely useful parameters for the fine adjustment of the hydrogen bond geometry. 
Comparison of X-ray with NMR Crystallography in the Solid State-The Location of Labile Hydrogens
Assignment of 1 H-NMR resonances in the solid state is very challenging due to strong homonuclear dipolar couplings which, in several cases, exceed a significant range of chemical shifts of protons. However, in cases of hydrogen bonding interactions the strong deshielding may result in well resolved resonances which can be assigned unambiguously. Harris et al. [49] reported that the chemical shift of the proton in an NH···O=C hydrogen bond is primary dependent on the distance between the proton and the donor and showed that a combined experimental high speed MAS 1 H-NMR and DFT calculations of 1 H chemical shifts can be used to refine the hydrogen position of X-ray structures. It was suggested that the method provides better results than either X-ray diffraction or NMR dipolar couplings [41, 42] .
The application of quantum chemical methods or solid materials was greatly improved with the development of the gauge including projector augmented wave (GIPAW) approach, which enabled the calculation of magnetic shielding of an inherently periodic solid using a plane wave basis set [103, 104] . Thus, accurate calculations of all atoms within a small volume unit can be extended in a repeating three-dimensional structure with a significant saving in computer time. Yates et al. [105] reported calculations of 1 H, 13 C and 19 F shielding parameters of flurbiprofen, a non-steroidal anti-inflammatory drug, under periodic boundary conditions in the crystalline lattice using DFT with the GIPAW method. The compound contains hydrogen bonds between the carboxylic functions of two adjacent molecules in the crystal (Figure 20) . The O-H bond length of the hydrogen optimized structure is shorter by 0.263 Å than the reported X-ray structure [106] (Table 2 ) and in agreement with neutron diffraction data of similar compounds [2] . Calculations of the 1 H shielding within the periodic boundary condition results in chemical shifts of 17.8 and 15.9 ppm for the fully optimized and hydrogen optimized structures, respectively. These values should be compared with the experimental value of ~14 ppm ( Figure 21 ). When the X-ray structure was used to simulate the 1 H solid state NMR spectrum of flurbiprofen the OH chemical shift was calculated to be ~22.3 ppm, which is significantly different from the experimental value. The authors concluded that 1 H chemical shifts are extremely useful parameters for the fine adjustment of the hydrogen bond geometry. X-ray structures of furosemide which differ only in the displacement of the COOH hydrogen atom [107] .
The RMSD values for δiso ( 1 H) between experimentally measured δiso and those computed using GIPAW DFT on hydrogen optimized structures were shown to be very sensitive to the COOH hydrogen atomic position. The X-ray structure with a hydrogen bonding motive where one of the COOH hydrogen atom is directed away from forming a classical O-H···O dimer has a significantly larger RMSD values for 1 H and, thus, does not meet the verification criteria. Baias et al. [108] reported a protocol for the quantum chemical structure determination of powdered solids by combining solid state NMR spectroscopy and DFT chemical shift calculations. The assigned 1 H isotropic chemical shifts for three drug molecules (cocaine, flutamide and flurfenamic acid, but not for theophylline) were sufficient to determine the correct structures from a set of predicted structures using the root-mean-square deviation between experimentally determined and calculated chemical shifts. The authors did not utilize NH or OH protons in the structural analysis due to the temperature dependence of the chemical shifts. In our opinion, the effect of temperature is much smaller than the effect of hydrogen bonding and, furthermore, a correction can be made based on temperature coefficients of chemical shifts [32, 66] .
Phillip et al. [109, 110] investigated whether NMR crystallography methods can be used to probe complex hydrogen bonding networks in quercetin dihydrate, of known X-ray single crystal structure [111] , and in anhydrous quercetin. A computational method was proposed for ranking all possible conformers of the five OH hydroxyl groups of quercetin in the crystalline environment as follows: a quick systematic search in the conformational space was carried out at the molecular mechanics level of theory, whereas for relaxing the initial molecular conformers in the crystalline environment, DFT geometry optimization of hydrogen atomic positions was applied. A very limited 1 H-NMR spectral resolution, however, was obtained especially in the case of anhydrous quercetin even at ultrafast MAS frequency at 60 KHz and with the use of 2D DQ-SQ correlation. Thus, only the resonance of the strongly deshielded C(5)-OH proton at 12.4 and 13.2 ppm, due to the formation of a strong intramolecular C(5)-OH···O(C-4) hydrogen bond in the two samples, was unequivocally assigned.
Comparison of X-ray with NMR Crystallography in Solution-The Location of Labile Hydrogens
Recently, Siskos et al. [50] investigated the position of labile hydrogen involved in O-H···O intramolecular hydrogen bond in hypericinate (Figure 17) . Table 3 illustrates a comparison of intramolecular hydrogen bond distances and dihedral angles of the calculated structures, at the More recently, the potential of 1 H-NMR crystallography was demonstrated in the evaluation of X-ray structures of furosemide which differ only in the displacement of the COOH hydrogen atom [107] . The RMSD values for δ iso ( 1 H) between experimentally measured δ iso and those computed using GIPAW DFT on hydrogen optimized structures were shown to be very sensitive to the COOH hydrogen atomic position. The X-ray structure with a hydrogen bonding motive where one of the COOH hydrogen atom is directed away from forming a classical O-H···O dimer has a significantly larger RMSD values for 1 H and, thus, does not meet the verification criteria.
Baias et al. [108] reported a protocol for the quantum chemical structure determination of powdered solids by combining solid state NMR spectroscopy and DFT chemical shift calculations. The assigned 1 H isotropic chemical shifts for three drug molecules (cocaine, flutamide and flurfenamic acid, but not for theophylline) were sufficient to determine the correct structures from a set of predicted structures using the root-mean-square deviation between experimentally determined and calculated chemical shifts. The authors did not utilize NH or OH protons in the structural analysis due to the temperature dependence of the chemical shifts. In our opinion, the effect of temperature is much smaller than the effect of hydrogen bonding and, furthermore, a correction can be made based on temperature coefficients of chemical shifts [32, 66] .
Recently, Siskos et al. [50] investigated the position of labile hydrogen involved in O-H···O intramolecular hydrogen bond in hypericinate (Figure 17) . Table 3 illustrates a comparison of intramolecular hydrogen bond distances and dihedral angles of the calculated structures, at the B3LYP/6-31+G(d) (IEF-PCM in DMSO) and at the TPSS/TZVP (IEF-PCM in DMSO) level of theory, of the hypericine ion (1a) with those of the X-ray structure. The calculated intramolecular distances of the heavy atoms, such as the O(1)···O (14) , O(6)···O (7), O(3)···O(4), O(13)···O (14) and O(8)···O (7) distances, were found to be in excellent agreement with those of the X-ray structure [97] . Similarly, the dihedral angles C(3)-C(3a)-C(3b)-C(4) and C(10)-C(10a)-C(10b)-C(11) were shown to indicate minor differences. On the contrary, significant differences have been observed in the location of all hydrogen atoms involved in intramolecular hydrogen bonds between the calculated and the X-ray structure, most notably in the O(1)-H(1) and O(13)-H(13) bond distances which deviate by 0.11 Å. Table 3 . Comparison of structural data of the calculated structures, at the B3LYP/6-31+G(d) (IEF-PCM in DMSO) and at the TPSS/TZVP (IEF-PCM in DMSO) level of theory, of the hypericinate (1a) with those of the X-ray structure [97] . Reprinted, with permission, from [50] . Copyright 2016, by Elsevier Science Ltd.
Interatomic Distances (Å)
Crystal Structure a B3LYP/6-31+G(d) (IEF-PCM in DMSO)
TPSS/TZVP (IEF-PCM in DMSO)
O(1)···O (14) 2.497(5) 2.526 2.497 O(13)···O (14) 2.494(4) 2.543 2.514 O(6)···O (7) 2.495(5) 2.528 2.497 O(8)···O (7) 2.529 (5) 
Conclusions
From the reports discussed herein it is evident that the field of NMR crystallography of labile hydrogens is in the early development and that there is a need for further improvement in the efficacy and accuracy of computation. Additional advances may require the automatic structure refinement based on NMR data and the inclusion of temperature effects into calculation for a direct comparison with the experiment [53] . Nevertheless, the recent reports provide substantial evidence that the application of accurate quantum chemical methods can be an excellent means to investigate hydrogen atomic positions in hydrogen bonds. More specific, the linear correlation between DFT calculated and experimental OH 1 H-NMR chemical shift, even for moderate basis sets, and the great sensitivity of 1 H chemical shifts to hydrogen bonding properties can provide an excellent method:
(i) in resolving conflicting literature data and ambiguities in resonance assignment; (ii) in determining accurate labile hydrogen positions beyond the limits of X-ray diffraction methods, NMR dipolar methods [41, 42] or spin diffusion [112] and (iii) in investigating the nature of hydrogen bonding. Further studies may include DFT calculations of O-H···O (and similarly N-H···O) 1 H chemical shifts in investigating enol-enol tautomeric equilibrium and comparison with indirect literature experimental methods based on interpolation of 13 C and 17 O chemical shifts [59, [113] [114] [115] , isotope effects [39, 116] , n J( 13 C,O 1 H) coupling constants [117] and in resolving the key controversy on the shape of the O-H···O intramolecular hydrogen bond potential function [9, [58] [59] [60] 118] .
We hope that this review will aid structural chemistry community in adding quantum chemical methods and especially calculations of 1 H-NMR chemical shifts to their repertoire of methods for high resolution structures of hydrogen bonding interactions. 
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